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PknB is a transmembrane Ser/Thr protein kinase that
defines and belongs to an ultraconserved kinase
subfamily found in Gram-positive bacteria. Essential
for Mycobacterium tuberculosis growth, its close
homolog in Bacillus subtilis has been linked to exit
from dormancy. The kinase possesses an extracel-
lular region composed of a repetition of PASTA
domains, believed to bind peptidoglycan fragments
that might act as a signaling molecule. We report
here the first solution structure of this extracellular
region. Small-angle X-ray scattering and nuclear
magnetic resonance studies show that the four
PASTA domains display an unexpected linear orga-
nization, contrary to what is observed in the distant
protein PBP2x from Streptococccus pneumoniae
where two PASTA domains fold over in a compact
structure. We propose a model for PknB activation
based on a ligand-dependent dimerization of the
extracellular PASTA domains that initiates multiple
signaling pathways.
INTRODUCTION
Mycobacterium tuberculosis is one of the most successful
human pathogens, well equipped for in vivo survival. Nearly
two million people die every year from tuberculosis and one
third of the entire world population caries the infection in a
quiescent form known as latency. Our current failure to control
the spread of this disease can be explained by the lack of an
efficient vaccine, multiple drug resistances (Dye et al., 2002),
and the remarkable adaptability of mycobacteria to different
environments.
The Ser/Thr protein kinase (STPK) PknB is essential for myco-
bacterial growth and has been considered as one of the most
promising drug targets (Cole and Alzari, 2007). PknB is com-
posed of an intracellular catalytic kinase domain linked to a trans-
membrane domain by a so-called juxtamembrane domain. The
extracellular region of the protein consists in a repetition of four606 Structure 18, 606–615, May 12, 2010 ª2010 Elsevier Ltd All right70 amino acid PASTA (penicillin and Ser or Thr kinase-associ-
ated) domains. This modular organization defines a subfamily of
PASTA domain-containing STPK (Jones and Dyson, 2006),
present in most of the Gram-positive bacteria. They regulate
complex and diverse cellular processes and are involved in
cell competence, biofilm production (Hussain et al., 2006), and
virulence (Debarbouille et al., 2009; Echenique et al., 2004).
The PASTAdomainswere first identified in theStreptococccus
pneumoniae penicillin binding protein PBP2x (Pares et al., 1996).
In the crystal structure, a nonspecific interaction between a
b-lactam inhibitor, the cefuroxime, and one of two PASTA
domains was observed (PDB 1QMF) (Gordon et al., 2000). The
segment of the cefuroxime that binds to the PASTA domain is
analogous to the unlinked PG. Hence, this domain was predicted
to be a PG binding domain (Yeats et al., 2002), although PG
binding to the PASTA domain has not been demonstrated unam-
biguously.
Of particular interest, PrkC, a PASTA domain containing
kinase from Bacillus subtilis, has been shown recently to be
indispensable for initiation of a novel germination pathway
induced by muropeptides (Shah et al., 2008). The authors of
this study suggested that the extracellular PASTA domains of
PkrC served as specific receptors for peptidoglycan fragments
binding and therefore play an important role in the exit from
dormancy in Bacillus subtilis. Finally, in Actinobacteria, a PASTA
domain-containing kinase is part of a highly conserved growth-
related operon (Fernandez et al., 2006).
In the last five years, extensive studies inM. tuberculosiswere
aimed at characterizing PknB and identifying some of its
substrates. Like most STPKs, PknB has autophosphorylation
properties (Mieczkowski et al., 2008), but also cross-phosphor-
ylates other STPKs such as PknA (Kang et al., 2005) and PknG
(O’Hare et al., 2008). Moreover, PknB appears to control major
metabolic pathways directly via phosphorylation of multiple
protein substrates, such as the protein regulator GarA that shuts
down the TCA cycle (O’Hare et al., 2008), the KasA/B proteins
(Veyron-Churlet et al., 2009) involved in the essential mycolic
acid biosynthesis, and the Wag31 proteins (Kang et al., 2008)
protein involved in cell division and morphology. This list is not
exhaustive and it should also be appreciated that virulence
factors SigH and RshA (Park et al., 2008) and cell wall biosyn-
thetic enzymes GlmU (Parikh et al., 2009) or PBPA (Dasgupta
et al., 2006) are also influenced. Thus PknB is established ass reserved
Structure
Solution Structure of the PknB_PASTAa pivotal regulator of major cell process linked to cell division
and growth in M. tuberculosis.
Recently, it has been suggested that it might be involved in
latency exit. Dormant mycobacteria might be resuscitated by
the binding of peptidoglycan fragments released from the myco-
bacterial cell wall by resuscitation-promoting factors (RPFs)
(Cohen-Gonsaud et al., 2005; Keep et al., 2006; Mukamolova
et al., 1998, 2006) to extracellular PASTA domains of PknB
(Jones and Dyson, 2006). The involvement of PkrC and muro-
peptides in spore germination strongly support this hypothesis.
To get insight into the mechanism of PASTA-mediated regula-
tion of PknB activity we solved the structure of PknB_PASTA by
high resolution nuclear magnetic resonance (NMR). Based on
the present structural and reported biological data, we propose
that PknB activation is promoted by a ligand-dependent dimer-
ization of the external PknB_PASTA domain. This proposed
mechanism offers novel opportunities for growth control in
Actinobacteria, in particular M. tuberculosis.
RESULTS
Structural Studies
NMR
In order to obtain insight into the molecular mechanisms of
PknB function we initiated an NMR structural study of the
PknB_PASTA construct. While the HSQC spectrum showed
relatively good spectral dispersion at 37C, considering the
size of the protein (272 aa) and its predicted modular domain
organization, about 20 of the 250 expected cross-peaks were
missing. We later assigned these peaks to residues belonging
to the fourth C-terminal domain of the protein. At 10C, all peaks
were present, suggesting that conformational exchange was
responsible for the signal loss at higher temperature. However,
lowering the temperature resulted in considerable line broad-
ening that hindered the NMR structure determination. We
thus decided to dissect the protein in three overlapping bido-
main constructs: PknB_PASTA12 (residues 354 to 491),
PknB_PASTA23 (residues 423 to 557), and PknB_PASTA34
(491 to 626), corresponding to domain 1-2, 2-3, and 3-4, respec-
tively. This strategy provides constraints describing the core
structure of each module, as well as those characterizing the
interface between two adjacent modules. Moreover, each indi-
vidual construct presents a reasonable size (about 150 aa),
compatible with low temperature NMR studies.
By combining the information from the double- and triple-
resonance heteronuclear experiments, all the amide group
resonances for all non-proline residues were assigned for each
bidomain construct. Note that the dissection of the protein into
overlapping bidomain constructs considerably facilitates the
assignment task, since most of the resonance assignments ob-
tained for one individual domain in a given construct can be
readily translated to the same domain in the following construct,
by simple comparison of the HSQC spectra of the two overlap-
ping constructs (Figure 1). For instance, 45 resonances corre-
sponding to residues belonging to PASTA3 domain in the
HSQC spectrum of PknB_PASTA34 can be directly assigned
by comparison with the HSQC spectrum of PknB_PASTA23.
The 17 remaining PASTA3 resonances belong to residues
located at the interface between domains 3 and 2 or 3 and 4.Structure 18,The assumption underlying this strategy is that all possible
interactions between the four domains concern only sequentially
adjacent domains. Consistently, we found that each cross-peak
in the HSQC of the PknB_PASTA protein coincided with one
(residues from domain 1 and 4, or residues lying at the interface
between two domains) or two (core residues from domain 2
and 3) cross-peaks from the HSQC spectra of the bidomain
constructs (see Figure S1 available online). This strongly
suggests that the environment of each residue in the whole
protein is unchanged in the corresponding bidomain construct.
The solution structures of each overlapping bidomain con-
struct were calculated from nuclear overhauser effects (NOEs)
and dihedral constraints using CYANA and were further mini-
mized with CNS 1.2 according the RECOORD procedure (see
Experimental Procedures for details). In the three structures,
each individual domain is well defined, with rmsd values ranking
from 0.8 A˚ (PASTA2 in PknB_PASTA12) to 1.2 A˚ (PASTA1 in
PknB_PASTA12). When calculated globally on each bidomain
structure, the rmsd increased slightly (from 1.4 A˚ in PknB_
PASTA34 to 1.9 A˚ in PknB_PASTA23), suggesting a certain
degree of freedom between two adjacent domains (Figure 2A).
Nevertheless, in spite of the absence of interdomain NOEs,
the relative positioning of the adjacent domains is relatively
well defined. This is presumably due to the reduced length of
the linkers (four residues in PknB_PASTA12, three residues in
PKnB_PASTA23, and only two residues in PknB_PASTA34)
that restricts the available conformational space.
For the 3D structure calculation of the full PknB_PASTA
construct (Figure 2B), dihedral angles values and normalized
NOE cross-peak intensity lists obtained independently from
the NMR studies of the three overlapping bidomains were
sorted out and merged as follows. For the N- and C-terminal
PASTA1 and PASTA4 domains, the corresponding NMR struc-
tural data obtained, respectively, from PknB_PASTA12 and
PknB_PASTA34 bidomain analysis were gathered and used
directly for the structure calculations. In the case of PASTA2
and PASTA3 domains, NMR data lists were built by mixing
data obtained from PknB_PASTA12 and PknB_PASTA23 or
PknB_PASTA23 and PknB_PASTA34 NMR analysis, respec-
tively (Figure S2). Briefly, NOE and angle value lists used for
PASTA2 were built by combining data measured on
PknB_PASTA12 for residues close or at the interface with
PASTA1 and on PknB_PASTA23 for residues close or at the
interfacewith PASTA3. The same strategywas used for PASTA3.
The protocol used for PknB_PASTA 3D structure calculation was
the same as described for each individual bidomain. In the final
PknB_PASTA structures, statistics obtained for each individual
domain are similar to what was measured in the bidomains,
with rmsd values ranking from 0.61 A˚ (PASTA3) to 1.77 A˚
(PASTA1). As expected, a higher global rmsd value (8.58 A˚) is
obtained for all backbone atoms when measured on the whole
PknB_PASTA structure, probably due to interdomain flexibility
cumulative effects. A complete description and the statistics
for each structure are given in Table 1.
In order to test the rigidity of the interdomain linkers, we
recorded a 15N{1H} heteronuclear NOE experiment on a
15N-labeled sample of PknB_PASTA. The experiment was re-
corded at 37C, where the HSQC spectra exhibits a good spec-
tral dispersion and relatively sharp lines. Resonance assignment606–615, May 12, 2010 ª2010 Elsevier Ltd All rights reserved 607
Figure 1. Overlapping Bidomain Strategy
(A) Superimposition of the PknB_PASTA12 (red) and PknB_PASTA23 (black) overlapping bidomain [1H,15N] HSQC spectra is shown in the leftmost panel.
Chemical shift variations observed for PASTA2 domain, common to the two overlapping bidomains, are plotted versus the sequence in the rightmost panel.
Significant chemical shift variations [greater than a standard deviation (dashed line)] concern only residues located at the interfaces between PASTA2-PASTA1
and PASTA2-PASTA3. These residues are colored in orange in the Van der Waals surface representation of the two bidomains.
(B) Same analysis as in (A), but for the PknB_PASTA23 and PknB_PASTA34 overlapping bidomains.
Structure
Solution Structure of the PknB_PASTAwas done by comparison with HSQC spectra recorded on the
three bidomain constructs (Figure S1). Heteronuclear NOE
values were found almost constant over the whole sequence
(Figure S3), except for the very first N-terminal mobile residues.
No significant decrease, indicative of an increased flexibility, was
observed for the linker residues.
Small-Angle X-Ray Scattering Analysis
Small-angle X-ray scattering (SAXS) experiments were recorded
to determine the overall shape of the four PASTA domains of
protein PknB_PASTA and to validate the domain organization
found in the NMR structure. Guinier plot analysis yielded a radius
of gyration (Rg) of 36 ± 1 A˚ and a pair distance distribution (Dm) of
140 ± 5 A˚ (maximum dimension of the molecule). The volume of
the particle was estimated to be 36 ± 2 nm3 (Porod), in good
agreement with the theoretical volume for four PASTA domains
(38 nm3). The pair distance distribution [p(r)] formed amultimodal
distribution, with a major peak at 20 A˚ and shoulders at 50, 70,
and 90 A˚ (Figure 3A), in agreement with a multidomain structure.
The overall shape of the molecule was generated with ab initio608 Structure 18, 606–615, May 12, 2010 ª2010 Elsevier Ltd All rightcalculations with DAMMIN (Svergun, 1999) and GASBOR (Sver-
gun et al., 2001). Independent calculations lead to the same
elongated molecular shape (Figure 3A). The calculated envelope
is 130 A˚ long and 20 A˚ wide, with a slight twist in themiddle of the
particle. SAXS data were superimposed with the scattering
pattern calculated from the NMR structure of the four PASTA
domains with a c2 of 1.7 (Figure 3B). Also, we used rigid body
modeling with SUPCOMB (Kozin and Svergun, 2001) to fit the
PknB_PASTA NMR structures into the envelope and observed
good agreement with an elongated shape of themolecule, where
interdomain interactions only concern adjacent domains (Fig-
ure S4). Taken as a whole, the SAXS data validate the
PknB_PASTA solution structure deduced from the NMR analysis
of the three overlapping bidomains.
Modular Organization of the Extracellular Domain
of PknB
Despite a moderate sequence identity (20% to 40%), the 3D
structure of each PASTA domain is very well conserved withs reserved
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Figure 2. The Structure of PknB_PASTA
(A) Conformational flexibility of the bidomains PknB_PASTA12,
PknB_PASTA23, and PknB_PASTA34. Representation of the final ensemble
comprising 30 NMR structures of the bidomains aligned on the N-terminal
domain shows a relative low degree of interdomain flexibility.
(B) Cartoon representation of the calculated PknB_PASTA structure. The
interdomain regions, always starting with a glycine (in yellow), are colored in
orange.
Structure
Solution Structure of the PknB_PASTAan rmsd between 1.4 A˚ and 1.8 A˚. It is also very similar to the
crystal structure of the PASTA domains of the more distant
homolog Streptococccus pneumoniae multidomain penicillin-
binding protein PBP2x (rmsd between 2.2 and 2.8 A˚ for 9% <
sequence identity < 20%), which contains only two PASTA
domains (Gordon et al., 2000; Pares et al., 1996). PASTA
domains mainly consist of an a helix followed by two parallel
b1 and b3 and one antiparallel b2 strands (Figure 2B). The fourth
C-terminal PASTA domain presents minor variations of these
canonical features, with a longer b1/b2 loop and a kink in the
middle of the a helix due to the presence of proline P576.
The crystal structure of PBP2x displays a conformation where
the two domains interact through a hydrophobic surface
comprised of b1 and b3 residues of the N-terminal PASTA
domain and the first residues and the a helix residues of the
C-terminal PASTA domain in extended conformation (Figure 4).
In contrast, the solution structure of the PknB_PASTA displays
a conformation with a linear arrangement of the four adjacent
PASTA domains, radically different from that observed for
PBP2x (Figure 4). Two extra strands, not observed in PBP2x,
are responsible for this linear organization (Figures 2B and 4).
The first one, called b’ (residues 560–563 for PASTA4), is at the
very N-terminal end of the PASTA domain, at the junction
between two PASTA domains. It is involved in a short b sheetStructure 18,with a second strand b’’ (residues 612–615 for PASTA4), located
between b2 and b3 strands and following a highly conserved
type II b turn. In the crystal structure of PBP2x, the type II
b turn (residues 736–740) is followed by an a-helical turn (resi-
dues 736–740). When superimposing PknB_PASTA and PBP2x
structures, this a-helical turn sits on the b’/b’’ brace in the
PknB_PASTA domains and prevents the linear organization
observed in PknB_PASTA (Figure 4). Importantly, this a-helical
turn in the C-terminal domain PBP2x is absent in the N-terminal
domain, where a proline (Pro682) is found at the equivalent posi-
tion. In most of the checked PBP sequences (data not shown),
a proline (or a glycine) residue seems to be present to avoid
the formation of such a helical turn and hence to allow the flexi-
bility observed between the PBP2x PASTA domains and the rest
of the protein (Yamada et al., 2007).
Sequence-Structure Analysis
PknB homologs seem to be found in most of Gram-positive
bacteria. In the light of the structure described herein and the
large number of PASTA-containing STPK sequences now avail-
able, we performed a multiple sequence analysis of the external
domain of the PknB homologs among the Gram-positive
bacteria (Figure 5).
The conservation among the members of the Mycobacterium
genus is very high with a strict sequence identity superior to 80%
for most of the sequences (data not shown). On the contrary, the
sequence of PknB only shares a sequence identity between 25%
and 35% with the more distant Actinomycetes or Firmicutes
sequence members (data not shown). To cover most of the
variability observed within the different sequences we present
a simplified multiple alignment that includes three members of
the Mycobacterium genus, three members of close suborders
Corynebacterium and Streptomyces that belong to the same
order as Mycobacterium (Actinomycetes), and three members
of the distant Firmicutes phylum.
The multiple sequence alignments show that the PASTA1 and
PASTA2 domains are the most conserved (11 and 10 hydro-
phobic conserved positions, respectively) with very few inser-
tions/deletions, while the homology drops for the PASTA3
domain (six hydrophobic conserved position) (Figure 5). An
even more drastic drop in the sequence homology is observed
for the PASTA4 domain, where numerous insertions/deletions
are present around the b1 strand residues. This is in agreement
with the structural variation described above for the fourth
C-terminal PASTA domain of PknB_PASTA. This fourth domain
is absent in most Firmicutes sequences (except for some
Enterococcus an Streptococcus sequences; data not shown).
Residues corresponding to residues in contact with the cefur-
oxime in the PBP2x structure have been highlighted on the
multiple sequence alignment. Asmentioned previously in a study
by Yeats et al. (2002), no conserved residues could be identified
that could be linked to a PG binding. The only apparent con-
served residues in the sequence concern the glycines that end
the PASTA domain (G424, G491, and G558) and other structur-
ally important residues like, for instance, the proline present in a
conserved turn (P404 and P472).
Finally, it is difficult to speculate which domains are involved in
a ligand binding site only from the structure of PknB_PASTA and
the multiple sequence alignment analysis. Likewise, it is difficult606–615, May 12, 2010 ª2010 Elsevier Ltd All rights reserved 609
Table 1. NMR and Refinement Statistics
PknB_PASTA12 PknB_PASTA23 PknB_PASTA34 PknB_PASTA
NMR distance and dihedral constraints
Distance constraints
Total NOE 1425 1630 1814 3085
Intraresidue 363 356 397 711
Interresidue
Sequential (ji – jj = 1) 502 521 600 1137
Medium-range (ji – jj < 4) 194 228 309 467
Long-range (ji – jj > 5) 366 525 508 770
Intermolecular
Hydrogen bonds 88 90 92 180
Total dihedral angle restraints
f 99 93 93 191
c 99 93 93 191
Structure statistics
Violations (mean and SD)
Max. distance constraint violation (A˚) 0.16 ± 0.04 0.17 ± 0.02 0.17 ± 0.02 0.22 ± 0.05
Max. dihedral angle violation () 3.82 ± 0.93 3.52 ± 0.61 4.04 ± 0.95 4.82 ± 1.32
Deviations from idealized geometry
Bond lengths (A˚) 0.011 ± 0.001 0.011 ± 0.001 0.011 ± 0.001 0.011 ± 0.001
Bond angles () 1.131 ± 0.031 1.085 ± 0.029 1.200 ± 0.025 1.172 ± 0.022
Impropers () 1.489 ± 0.093 1.510 ± 0.081 1.518 ± 0.061 1.530 ± 0.076
Ramachandran plot (%)
Most favored region 92.4 94.5 89.2 91.7
Additionally allowed region 7.3 5.5 9.8 7.6
Generously allowed region 0.3 0.0 0.8 0.5
Disallowed region 0.0 0.0 0.2 0.2
Average pairwise rmsd (A˚) (backbone/heavy)
Residues
355–422 (PknB_PASTA1) 1.21 ± 0.33/1.66 ± 0.26 1.86 ± 0.72/2.25 ± 0.65
423–490 (PknB_PASTA2) 0.84 ± 0.16/1.32 ± 0.18 0.85 ± 0.18/1.36 ± 0.18 1.11 ± 0.80/1.55 ± 0.79
491–557 (PknB_PASTA3) 0.92 ± 0.19/1.49 ± 0.22 1.01 ± 0.30/1.82 ± 0.27 1.05 ± 0.45/1.53 ± 0.40
558–626 (PknB_PASTA4) 1.04 ± 0.21/1.58 ± 0.21 1.75 ± 0.43/2.35 ± 0.39
355–490 (PknB_PASTA12) 1.90 ± 0.67/2.23 ± 0.62 4.70 ± 1.77/5.10 ± 1.87
423–557 (PknB_PASTA23) 1.91 ± 0.99/2.33 ± 0.97 5.66 ± 2.06/6.18 ± 2.23
491–626 (PknB_PASTA34) 1.47 ± 0.29/1.82 ± 0.27 2.69 ± 0.82/3.08 ± 0.77
355–626 (PknB_PASTA) 8.58 ± 2.03/9.03 ± 2.11
Structure
Solution Structure of the PknB_PASTAto assess whether the homology decrease for PASTA3 and
PASTA4 domains represents an adaptation to the ligand diver-
sity (i.e., PG) or a natural evolution for nonbinding domains.DISCUSSION
PknB, as an essential protein for mycobacteria, constitutes an
attractive potential therapeutic target but, despite the great
interest, its in vivo function remains unclear. Recently, it was
suggested that its external domain binds fragments of murein,
initiating kinase activation (Shah et al., 2008). To date, however,
this hypothesis lacks experimental support. In the present study,
our results suggest that the external domain of PknB610 Structure 18, 606–615, May 12, 2010 ª2010 Elsevier Ltd All right(PknB_PASTA) could play an important role in PknB function
and in M. tuberculosis growth.
The prerequisite for STPK activation is the phosphorylation of
PknB-specific sites (Duran et al., 2005). This general mechanism
occurs when the catalytic domain forms an asymmetric dimer
and has been described for eukaryotic kinases (Oliver et al.,
2006) and for PknB (Mieczkowski et al., 2008). For PknD,
a PknB homolog, it was proposed that dimerization of the extra-
cellular domain may increase the autophosphorylation of the
catalytic domain (Greenstein et al., 2007). This is in agreement
with our in vitro fluorescence anisotropy results showing that
the PknB cytoplasmic domain (PknB_DTM-PASTA, residues
1–331) is monomeric with a very weak dimerization dissociation
constant (KD > 30 mM; data not shown). However, in solution,s reserved
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Structure
Solution Structure of the PknB_PASTAno dimerization was observed for any of the three twin modules
or the full-length PknB_PASTA domain, either in SAXS, NMR, or
gel filtration experiments at concentration up to 2 mM (data not
shown).Pk
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Figure 4. PASTA Domains Organization
Cartoon representation of PknB_PASTA34 superimposed (in red) with the
two PASTA domains of PBP2x (in dark green). The secondary elements
responsible for the linear organization of the domains in PknB are represented
in blue (b’/b’’ brace). The secondary elements responsible for the compact
organization of the domains in PBP2x are represented in light green
(a helix locker).
Structure 18, 606–615, May 12, 2010Our 3D solution structure of
PknB_PASTA revealed an unexpected
linear organization for the PASTA mod-
ules compared to that observed in the
crystal structure of the penicillin binding
protein PBP2x. In PBP2x, the two PASTA
modules proposed to be responsible for
the PG binding of this multidomainprotein are organized into a close compact upside-down glob-
ular domain, while the « b’/b’’ brace » present in all four PASTA
modules of PknB_PASTA prevents the formation of such a
compact organization. The organization observed in PBP2x
suggests that two PASTA domains in close compact interaction
and oriented in opposite directions are necessary for the ligand
binding. Only dimerization of PknB_PASTA would bring two
modules in close contact.
Thus, we proposed amolecular model where a signalingmole-
cule promotes the dimerization of the PknB extracellular domain
and the formation of an asymmetric dimer for the catalytic
domain leading to activation via trans-phosphorylation of the
cytoplasmic domain of PknB. The linear organization of the
PASTA domains combined to the relative intrinsic flexibility of
PknB_PASTA and the presence of glycines (G353 and G354)
between the extracellular and transmembrane domain is
compatible with a ligand-dependent dimerization mechanism
underlying PknB activation (Figure 6A).
An alternative model for the PknB activation is based on the
unusual activation mechanism described for the RNA-depen-
dent protein kinase PKR (Dey et al., 2005). In this model, the first
step of the protein activation is the dimer formation promoted by
the RNA binding domain in the N terminus of the protein. Then,
only after dimerization of the STPK calalytic domain, the inter-
dimer trans-phosphorylation can occur (Dey et al., 2005). This
model is supported by a study on the M. tuberculosis STPK
PknD where it was proposed that dimerization activates the
kinase prior to phosphorylation (Greenstein et al., 2007) and
has been reviewed recently (Alber, 2009) (Figure 6B).
To our knowledge, all the Gram-positive bacteria possess
a member of this STPK particular subfamily exhibiting extracel-
lular PASTA domains. Based on our finding that PknB, the
M. tuberculosismember of this family, is involved in growth initi-
ation, we propose that its external domain is a sensor for
a signaling molecule that promotes initial growth. The nature of
this molecule remains to be identified. In this perspective, the
NMR structure will be an asset to screen for potential candidate
molecules. Furthermore, it is tempting to link the mechanism
described above to mycobacterial resuscitation by the RPF
proteins believed to release PG fragments from the bacterial
cell wall (Keep et al., 2006; Mukamolova et al., 2006). This notion
is reminiscent of the recently discovered muropeptide-mediatedª2010 Elsevier Ltd All rights reserved 611
PknB_PASTA
   360       370       380       390        400       410        42 0
M_tub                       L   G                                         S GP A   VI P VGITRDVQV DVRGQSSAD IAT QNR FKIRTLQKPDST.IPPDH GTD AANTSVS.AGDEITVN  T  
M_lep                       L   G                                         S GP A   VI P VGNTRDVQV DVRGQVSAD ISA QNR FKTRTLQKPDST.IPPDH STE GANASVG.AGDEITIN  T  
M_ulc                       L   G                                         S GP A   VI P VGNTRNVQV NVRGQASAD IAA QNR FKTRTLLKPDST.IPPDH GTD AANASVS.AGDQITIN  T  
C_glu                       L   G                                         S GP A   G VI P VSSTATSAI NVEGLPQQE LTE QAA FVVNIVEEASAD.VAE L RAN SVGSEIR.QGATVTIT  T  
C_ure                       L   G                                         S GP A   G VI P VATAETVNV DVKNLTQDE ERK HDL LELRVKERPHAD.IER R RTE GPNSSVP.KGTEISLV  S  
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Figure 5. Multiple Sequence Alignment of PknB_PASTA Ortholog Proteins
Sequence alignment of the external domain ofMycobacterium tuberculosis PknB (M_tub) homologs inMycobacterium leprae (M_lep),Mycobacterium ulcerans
(M_ulc), Corynebacterium glutamicum (C_glu), Corynebacterium urealyticum (C_ure), Corynebacterium diphtheriae (C_dip), Streptomyces coelicolor (S_ceo),
Streptomyces avermitilis (S_ave), Streptomyces griseus (S_gri), Listeria monocytogenes (L_mon), Staphylococcus aureus (S_aur), and Bacillus subtilis
(B_sub). Residues corresponding to the residues in contact with the cefuroxime in the PBP2x structure have been highlighted with a green background. Residues
of the inter domain have been highlighted with a gray background.
Structure
Solution Structure of the PknB_PASTAspore germination in B. subtilis (Shah et al., 2008; Shah and
Dworkin, 2010). In this system, the PkrC protein kinase, which
contains three extracellular PASTA domains, is essential to
induce spore germination in response to exposure to murein
fragments. It is tempting to suggest a similar mechanism in
which the RPF would degrade specific segments of the PG,
liberating muropeptides that will bind in turn to the external
domain of PknB and promote its activation. Investigations612 Structure 18, 606–615, May 12, 2010 ª2010 Elsevier Ltd All rightdesigned to test the linkage between resuscitation and PknB
function in M. tuberculosis will necessarily involve a search for
the putative signaling molecule.
PknB has been put forward as a potential drug target. But,
development of a potent intracellular drug in M. tuberculosis
remains very challenging (Wehenkel et al., 2008). Due to its
extracellular location, PknB_PASTA domain represents an
attractive alternative target for the development of viable drugs.s reserved
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Figure 6. Model of Ligand-Dependent Dimerization for PknB
(A) Proposed molecular model where a signaling molecule promotes the dimerization of the PknB extracellular domain and the formation of an asymmetric
front-to-front dimer for the catalytic domain leading to activation via trans-phosphorylation of the cytoplasmic domain of PknB.
(B) Proposed model of dimerization-dependent autophosphorylation. The signaling molecule promotes the back-to-back dimerization of the PknB cytoplasmic
domain. The dimer then adopts an active conformation necessary for interdimer phosphorylation.
Structure
Solution Structure of the PknB_PASTAIn such an effort, the NMR structure described here offers a
valuable template for the rational design of new originalM. tuber-
culosis protein kinase inhibitors.
EXPERIMENTAL PROCEDURES
Protein Expressions and Purifications
The method used was identical to that described precisely elsewhere (Barthe
et al., 2009). Briefly, strains of Escherichia coli BL21(DE3), harboring a variant
of His tag fusion vector pET-15b, were modified to contain the different pknB
gene constructions from M. tuberculosis and a tobacco etch virus (TEV)
protease site to replace the thrombin site coding sequence (named pET-
15b-Tev). This culture was grown at 37C, and then the cells were harvested
by centrifugation and the resulting cell pellet was resuspended in buffer A
[50 mM Tris-HCl (pH 8.5) and 150 mM NaCl]. Cells were then lysed by sonica-
tion and cell debris and insoluble materials were removed by centrifugation.
The supernatant arising from this step was loaded into a Hitrap IMAC HP
column (Amersham Biosciences), equilibrated in buffer A and 4% of buffer B
(buffer A supplemented with 500 mM of imidazole). Ni2+-agarose affinity
chromatography was then carried out at room temperature, to purify the
His-tagged recombinant protein. The column was washed and then buffer B
was increased to 100%. Fractions containing the protein were identified by
SDS-PAGE, and then pooled and concentrated. The solution was treated for
4 hr at room temperature with TEV protease (1 OD of TEV for 100 OD of
protein) to digest and thereby remove the N-terminal His tag from the proteins.
Finally, the proteins were concentrated and applied to a Superdex 75 26/60
(Amersham Biosciences) size exclusion column, equilibrated in buffer
[25 mM sodium acetate (pH 4.6)] to remove the remaining impurities and the
tag. The proteins were identified by SDS-PAGE, and then pooled and stored
at 20C until required.
Solution Structure of PknB_PASTA34, PknB_PASTA23,
and PknB_PASTA12
All NMR experiments were generally carried out at 10C on Bruker Avance III
700 (1H-15N or 1H-13C double resonance experiments) or Avance III
500 (1H-13C-15N triple resonance experiments) spectrometer equipped with
5 mm z gradient TCI cryoprobe, using the standard pulse sequences. NMR
samples of each overlapping bidomain consist of approximately 0.5 mM
15N- or 15N,13C-labeled protein dissolved in 25 mM sodium acetate (pH 4.6)
with 5% D2O for the lock.
1H chemical shifts were directly referenced to the
methyl resonance of DSS, while 13C and 15N chemical shifts were referenced
indirectly to the absolute 15N/1H or 13C/1H frequency ratios. All NMR spectra
were processed and analyzed with GIFA (Pons et al., 1996).
For each overlapping bidomain, NOE peaks identified on 3D [1H,15N] and
[1H,13C] 3D NOESY-HSQC were assigned through automated NMR structure
calculations with CYANA 2.1 (Guntert, 2004). Backbone f and 4 torsion angleStructure 18,constraints were obtained from a database search procedure on the basis
of backbone (15N, HN, 13C’, 13C(, H(, 13C) chemical shifts using the program
TALOS (Cornilescu et al., 1999). Hydrogen bond restraints were derived using
standard criteria on the basis of the amide 1H / 2H exchange experiments and
NOE data. When identified, the hydrogen bond was enforced using the
following restraints: ranges of 1.8 to 2.3 A˚ for d(N-H,O) and 2.7 to 3.3 A˚ for
d(N,O). The final list of restraints fromwhich values redundant with the covalent
geometry has been eliminated. The 30 best structures (based on the final target
penalty function values)wereminimizedwithCNS1.2according theRECOORD
procedure (Nederveen et al., 2005) and analyzed with PROCHECK (Laskowski
et al., 1993). The rmsds were calculated with MOLMOL (Koradi et al., 1996).
For the modeling of the full PknB_PASTA protein (domains 1-2-3-4), a
‘‘synthetic’’ restraint list was built from NMR data measured for each individual
three overlapping bidomains, as described in the Results section. To take into
account any possible peak intensity variations due to slightly different protein
concentrations between the different construct samples, all NOE intensities
were scaled to a normalized intensity calculated by averaging all NOE cross-
peak intensities obtained for PknB_PASTA23. This ‘‘normalized’’ synthetic
restraint list was then processed using the same protocol as for each individual
bidomain. All statistics are given in Table 1.
SAXS Experiments and Data Analysis
SAXS data from solutions of PknB_PASTA were collected on the SWING beam-
line of the Soleil Synchrotron (Paris, France) using a PCCD-170170 detector at
a wavelength of 1.03 A˚. The scattering patterns were measured by merging
10–20 data recordingswith 1 s exposure time each for several solute concentra-
tions in the range from 2 to 10mg/ml. To check for radiation damage, all succes-
sive exposures were compared and no changes were detected. Using
the sample-detector distance of 1.8 m, a range of momentum transfer of
0.0065< s <0.6 A˚1was covered (s = 4p sin(q)/l, where 2q is the scattering angle
and l = 1.5 A˚ is the X-ray wavelength). The data were processed using standard
procedures and extrapolated to infinite dilution using the program PRIMUS
(Konarev et al., 2003). The forward scattering I(0) and the radius of gyration Rg
were evaluated using the Guinier approximation, assuming that at very small
angles (s < 1.3/Rg) the intensity is represented as I(s) = I(0) exp(s2Rg2)/3). The
values of I(0) and Rg, as well as the maximum dimension Dmax and the inter-
atomic distance distribution functions [p(r)] were also computed using the
program GNOM. Data analysis and ab initio shape calculations, structure aver-
aging, and rigid-body docking were performed using PRIMUS (Konarev et al.,
2003), GNOM (Svergun, 1992), DAMMIN (Svergun, 1999), GASBOR (Svergun
et al., 2001), and SUPCOMB (Kozin and Svergun, 2001).
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Structure
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